A Russian-American fieldwork effort on Lake Baikal, its tributaries, and surrounding hot springs was undertaken in June-July 1991. Here we report on aspects of major ion (Ca 2+, Mg2+, Na+, K+, Alk, Cl-, SOJ2-) and several minor and trace element (Li isotopes, Sr isotopes, Ba, Al, V, Cr, Ni, Cu, Ge, Cd, Hg, U) cycles. Our riverine data for major ions generally concur with the more extensive, time-averaged Russian database; for the most part the homogeneously distributed major ions appear to be at steady state and dominated by riverine throughputs in the lake. Exceptions include Mg2+, which may be removed to a small extent (I 15% of its riverine flux) by hydrothermal activity, and Na+ and Cl-, which seem to be impacted by pollution. Of the minor and trace elements, V also seems subject to anthropogenic disturbance. Other elements for which reliable data are available show conservative steadystate distributions (Li, Cr, Sr) or are subject to redistribution and removal within the lake (Ge, Al, Cu, Ni, Ba, U) as a result of involvement in a variety of particle cycling processes that tend to obscure non-natural influences. Chemical geothermometers for the four hot springs sampled (Smeyney, Khakuci, Kotelnikovski, Davsha) indicate subsurface reaction temperatures ranging from 70 to 150°C and converging to smaller ranges (5 15°C) for a given spring. Both depletions (Mg, Ba, Cu, Ni, Sr, U) and enrichments (Na, K, Cl, Li, Al, Gc, Sr, U) with respect to lake water were observed. Ge levels in spring waters are sufficiently enriched over lake waters that Ge could serve as a useful tracer of subaquatic hydrothermal waters. 
of scientific study for over a century (Kozhov 1963) . Over the last few decades, however, concern about the effects of anthropogenic activities on and around the lake (Galazii 1990; Micklin 1967) , the potential of Baikal sediments to record paleocontinental climate information (Colman 1992) , and the desire to understand the dynamics and geology of the rift zone in the context of modern plate tectonics have motivated intensified research efforts in the region (Lipman et al. 1989; Tapponier and Molnar 1970) .
Interpreting sedimentary paleorecords and assessing the impact of man's activities requires knowledge of the lake's present chemical, ecological, and physical properties and dynamics. Additionally, the chemical composition of waters within the drainage basin provides insight into geological processes occurring there. For a lake as large as Baikal, the system is amenable to study by hydrographic techniques traditionally employed by oceanographers. Accordingly, a modern, multinational effort to characterize Lake Baikal's biogeochemistry and physical mixing regime, consisting of two multidisciplinary oceanographic-style field programs carried out from research vessels operated by the Limnological Institute at Irkutsk, was undertaken by us in July 1988 and in June 1991.
The results of the July 1988 RV Vereshchagin field program have been presented elsewhere Falkner et al. 1991; Weiss et al. 1991) . Briefly, CTDtransmissometry surveys, ship-based 0,, nutrient and chlorofluorocarbon (CFC) measurements, and shore-based major and minor element analyses of lake waters were carried out on that first expedition. This program was expanded in June 1991, employing both the RV Vereshchagin and RV Obruchev, to include major, minor, and trace element studies of lake, river, and land-based hot springs, the findings of which are reported here. The new results allow us to reexamine major element budgets. In addition, we assess Li isotopes, Sr isotopes, Ba, Al, V, Cr, Ni, Cu, Ge, Cd, Hg, and U biogeochemical behaviors and budgets and provide a broad chemical characterization of the four subaerial hot springs sampled. Other aspects of the program are presented elsewhere (Killworth et al. 1995) .
Background
Contrary to some previous reports, the 1988 observations showed that the entire Baikal water column does not turn over twice annually, as tends to occur in other temperate lakes in spring and fall when surface waters reach the temperature of maximum density (-4°C) at the surface, sink, and initiate full lake convection. Mixing in such a deep lake is more complex for a variety of reasons. The 1988 hydrographic evidence did suggest that mixing processes, which deliver surface waters directly to the bottom, occur in Baikal at least sporadically .
The 1988 CFC data indicated that the integrated effect of mixing processes taking place in Baikal generate an average ventilation time for waters below 250 m of about 8 yr . Carbon fixation rates inferred from oxygen consumption rates and nutrient considerations confirmed previous reports that the lake is oligotrophic and suggested that nitrate is ithe limiting nutrient . Based on values reported in the literature for riverine inputs, the major ions in Baikal seemed to be dominated by riverine throughput and to reside in the lake on the order of the water residence time of 330 yr (Falkner et al. 1991) . At least for the present, hydrothermal activity, which has been observed to occur in Frolikha Bay at the northern end of Baikal (Crane et al. 1991 a; Golubev 1978 Golubev , 1984 , appeared to play a minor role in major ion cycling in the lake as a whole compared to riverine throughput (Falkner et al. 1991) .
Baikal waters are presently undersaturated with respect to carbonate phases, which is consistent with their general lack of preservation in the sediments (Kozhov 1963) . While lake waters are also undersaturated with respect to opaline phases, much of the silica delivered by rivers ends up in sediments within the lake as a result of biological activity. The remains of siliceous organisms constitute 20% of the sediment mass on average (Kozhov 1963) .
Of the minor elements (Ba, Rb, Li, Sr, U) profiled in 1988, only Ba, decreasing gradually with depth, displayed nonconservative behavior (Falkner et al. 1991) . At the central and southern basin stations, levels decreased more sharply in near botto.m waters for which transmissometry indicated elevated particle concentrations (W. Gardner pers. comm.). This and other considerations indicate that Ba is removed at or near the sediments, although available evidence was insufficient to determine by what mechanism removal occurs and whether the profiles represent a steady-state distribution.
Sampling methods and site descriptions
On the 1991 expedition, clean sampling techniques were employed making possible the determination of a number of trace elements (Tables 1, 2 ). For the purposes of checking and extending elemental mass balance considerations to this larger suite of elements, four of the five most important rivers were sampled (Table 3) , namely the Selenga, Upper Angara, Barguzin, and Turka, which contribute 49, 21, 7, and 2.5%, respectively, to the total annual riverine input of 57.8 km" yr-I to the lake (Votintsev et al. 1965) . (The Sneshnaya contributes, 2.7%, the Tyiya 2.1%, and the remaining few hundred affluents <2% each to the annual river water flux.) Maximal flows for Baikal rivers generally occur in June, July, and August, so our sampling period represents the early part of the maximal flow season (Votintsev et al. 1965) . Additionally, four nearshore subaerial hot spring sites surrounding the northern half of Baikal were sampled (Fig. 1 , Table 4) as described below.
With the exception of the surface sample, water profiles for the geochemical studies in the lake were obtained with 5-liter Niskin bottles outfitted with Si-rubber O-rings and C-Flex tubing for internal closure. To eliminate contamination artifacts associated with the RV Vereshchagin's steel hydrowire, we attached an 8-m length of 0.6-mm-diameter nylon line by shackles to the end of the hydrographic wire, and a single Nislcin was deployed on the nylon line at a time. A lo-kg lead hydrographic weight, which was sealed in plastic and duct tape, was attached to the end of the nylon line -4 m below the Niskin bottle. The shackles between the 55"40.0'N, 109'54.6'E 98 NT2 55"40.2'N, 109'50.5'E 89 NT3 55"40.5'N, 109'47.0'E 38 NT4 55"41.3'N, 109'43.2'E 82 NT5 55"41.7'N, 109'38.0'E 128 NT6 55"42.2'N, 109'35.0'E 111 NT7 55"42, 5'N, 109'32.5'E 108 NT8 55"42.6 hydrographic wire and the nylon line were bridged by a wire-mounted reversing thermometer rack to permit tripping of the Niskins by a stainless steel messenger. Niskin bottles were subsampled on deck of the ship utilizing normal trace metal clean oceanographic procedures. Several precautions were taken to avoid shipborne contamination. Surface-water samples from the lake were collected from the bow, ahead of the ship's wake, as the ship arrived on station using a l-liter acid-cleaned polyethylene bottle mounted with Tygon tubing on a Plexiglas holder at the end of a 5-m -wooden pole. The bottles were covered until just before sampling for which they were inverted, submerged rapidly, then turned upright and held below the surface for filling. They were brought rapidly through the surface to just above the water level and emptied. This procedure was followed three times to rinse the bottles before the final filling. Upon filling, the bottles were raised to deck and capped immediately. This "pole method" was also used to obtain samples Plyusnin et al. (1979) . t From Fournier (1981) ; no corrections for Si speciation made that would tend to lower the qtz temps for Smeyney. $ From Kharaka and Mariner (1989). in the central channels about 1 km upstream from mouths of the Barguzin and Turka rivers on 28 June 1991.
The central channels of the Selenga (15 km upstream of the lake edge of the delta; 5 June 1991), Upper Angara (17 June 199 l), and Barguzin (19 June 199 1) rivers were sampled from a small boat equipped with an outboard motor. Sample bottles were dipped for rinsing and filling by hand (using a polyethylene glove and following the pole method) from the bow of the boat as it was motored slowly up upstream. Upon filling, the bottles were capped and stored at cool temperatures in the dark for a few days before they were transferred to the RV Vereshchagin for filtration.
None of the hydrothermal spring sites was in a natural condition; all had been developed for human use to some degree. Khakuci is -400 m inland of the northeastern shore (55"21.67'N, 109'49. 09'E) in a wooded area (Fig. l) , and the spring bubbles out of a small hillside into a -0.5-m*, l-m-deep concrete and wooden pool propped on a rock mound. Waters overflow the pool from a crack in one wall. A plaque at the site indicated that the spring had been flowing since it was discovered in 1775. Samples were obtained by dipping sample containers into the pool.
Kotehrikovski is -30 m inland from the northwestern shore (55'04. l'N, 109'06.2'E) (Fig. 1) at a multibuilding spa and sports complex. Samples were obtained from a rusty steel pipe used to direct spring flow from underground to spa facilities. Davsha is -300 m from the coast on the eastern shore (54'21.1 'N, 109'30.2'E) in a small bathhouse that is part of a retreat complex for the University of Irkutsk. Spring waters were obtained by lowering a black rubber hose -1 m from a wall bracket and directing the flow into a bathtub. The system was allowed to flush for several minutes, and samples were collected from the flowing hose. Smeyney is -20 m from the shore in Chivyruiski Bay on Svyaty Nos Island and flows into a wood/rock pool enclosure from which the samples were obtained. It is noted that all of the springs sampled are situated in granite formations that are reported to be of Paleozoic age, except for Kotehrikovski whose granite formation age is not reported (Plyusnin et al. 1979 ).
Soample handling
When Hg samples were taken, they were drawn first directly into l-liter Teflon bottles. These Teflon bottles had been acid cleaned and shipped full of acidified, low Hg content, distilled-deionized water that was emptied immediately prior to sampling. The unfiltered samples were acidified with HCl (triply distilled in quartz) and shipped to the laboratory for analysis. For the shipboard Al determinations, each profile sample was pressure-filtered on deck prior to analysis through a 0.2-PM (Acrodisc, Gelman) filter attached to the end of 30-ml polypropylene syringe, directly into a 30-ml Teflon bottle used for the determination procedure. Pole samples, hydrothermal, and river samples were filtered in a similar manner in a class-100 laminar flow bench. Results from the on-board Al determinations indicated no significant or consistent contamination of samples by these procedures. Samples for shore-based analyses were vacuum-filtered through acid-leached 0.45-PM Nuclepore filters by using an all Teflon filtration stack and standard trace element techniques in a class-100 laminar flow bench. The filtered samples were stored in previously acid-leached HDPE bottles (Nalgene) and were acidified to pH 2 with 3 X quartz-distilled HNO, after being shipped to the laboratory at least 2 weeks before analyses. Adsorption onto the walls of the bottles during storage by the suite of elements analyzed here is reversed by acidification on this timeframe.
Analytical methods
Major elements, barium, uranium-Analytical methods for this group have been previously described (Falkner et al. 1991 ). Precision for the major elements by flame atomic absorption spectrophotometry is better than 5% and for Ba and U by isotope dilution-inductively coupled plasma mass spectrometry (ID-ICPMS) is 2-3%. Archived samples were analyzed to assure consistency between the 1988 and 199 1 databases.
Strontium and strontium isotopes-Strontium concentrations were determined on diluted samples by standard additions-graphite furnace atomic absorption spectrophotometry (SA-GFAA) to a precision of 5%. The isotopic composition of Sr was determined by thermal ionization mass spectrometry after cation-exchange purification. The 87Sr : 86Sr ratio was normalized to an Eimer and Amend standard value of 0.708 and a 86Sr : 88Sr ratio of 0.1194.
Lithium and lithium isotopes-Lithium
isotope compositions were determined via mass spectrometry based on the thermal ionization of Li+ from lithium phosphate. The technique (Moriguti and Nakamura 1993) was adapted for application ca low Li geological samples; detailed chemical separation and mass spectrometric procedures are reported elsewhere (You and Chan 1996) . For this work, 50-100 ng of Li were separated from lake, river, and hot spring waters by cation exchange. The isotopic measurements were carried out on a Finnigan MAT 262 thermal ionization mass spectrometer with double Re filaments. Lithium isotopic compositions are reported as 66Li relative to a U.S. National Bureau of Standards isotope standard (L-SVEC) (Flesch et al. 1973) :
The 6Li : 7Li of L-SVEC has been determined by the lithium tetraborate method to be 0.083062 + 0.000054 (1 SD) (Chan et al. 199:!) . The analytical reproducibility of this method based on replicate analyses of seawater is 1%0 (95% confidence limits). Lithium concentrations of lake and river waters were determined by isotope dilution-thermal ionization mass spectrometry using a 95.30% enriched 6Li2S0, spike.
Aluminum-Shipboard determination of Al was by the electron capture detection gas-Chromatographic determination of its 1, 1,l ,-trifluoro-2,4-pentanedione derivative (Measures and Edmond 1989). The technique, which utilizes a 15-ml sample, has a detection limit of 0.2 nM and a precision of -4% (Measures and Edmond 1992) . All samples were analy,zed within a few hours of sample collection. For all hydrothermal and river water samples, final determination of the Al content was made by appropriate dilution of the sample intla previously determined surface lake water.
Copper, nickel, and cadmium-Cu, Ni, and Cd were preconcentrated by coprecipitation of the analyte metals with cobalt and ammonium 1 -pyrrolidinedithiocarbamate (Co-APDC method modified from Boyle et al. 1981) . The analytes were determined by GFAA and Co recoveries by flame atomic absorption. Recoveries were better than 80%, and Cu, Ni, and Cd analyses were reproducible to within 15%.
Chromium and vanadium-Total
Cr and V were coprecipitated from 150-ml sample aliquots with Fe(III) hydroxide (1 mg of pure Fe added) (Jeandel and Minster 1987) . Samples stored at pH 2 (HCl) were brought to pH 7.5 with distilled ammonium hydroxide before iron addition for optimal recoveries. After 5 h of agitation at room temperature and at least 1 h for flocculate formation, samples were vacuumfiltered through precleaned 0.22-pm pore-size Millipore membranes (GVWP 47-mm diam). Precipitates were then dissolved in 10 ml of 0.6 N distilled HCl for a concentration factor of -15. The samples (20 ~1 for Cr, 50 ~1 for V) were then directly introduced via an autosampler into a Ringsdorf pyrocoated graphite furnace for GFAA. Details on the heating programs are given elsewhere (Jeandel et al. 1987; Jeande1 and Minster 1987) .
Recoveries were tested by means of an addition method on other lake waters (Ganguise Lake near Toulouse, France). Values of 97 and 93% were obtained for Cr and V extractions, respectively. These recoveries are comparable for Cr and significantly better for V than those obtained for seawater (Jeandel et al. 1987; Jeandel and Minster 1984, 1987) . Total blanks were <0.5% of the signal for both elements. The precisions based on 10 replicates for Cr and 5 replicates for V are 4 and 2%, respectively.
Mercury-Hg
was analyzed by a two-stage Au column amalgamation method coupled to an atomic fluorescence detector (Gill and Bruland 1990) . The Hg was preconcentrated onto the Au column after reduction by sodium borohydride and gas phase stripping. In most cases, reported values represent the average of duplicate analyses. Typical system blanks were 0.1-0.3 pM and spike recoveries were >90%. Precision by this method is estimated to be better than 20%.
Silica and germanium -Dissolved
Si was determined by high precision silicomolybdate blue spectrophotometry (Mortlock et al. 1993) . The Si data are precise and accurate to better than 0.1 PM. Percent biogenic opal and Ge/Si-opal in sediments were determined as discussed previously (Mortlock and Froelich 1989; Shemesh et al. 1988) . Sediment samples were provided by Steve Colman and details regarding them can be found elsewhere (Colman et al. 1994) .
Dissolved inorganic Ge was determined by hydride generation ICPMS (HG-ICPMS), either by ID (Sta. 4) or by single ion monitoring (SIM) with trimethylgermanium (TMGe) as an internal standard (Sta. 7, Sta. 9, rivers and hot springs) (Mortlock and Froelich 1996) . No naturally occurring methylgermanium species (<3 pM monomethylgermanium-MMGe, dimethylgermanium-DMGe, and TMGe) were detected in Lake Baikal, river, or hot spring samples. The Ge isotope ratios monitored in all these samples are indistinguishable from naturally occurring crustal ratios: The measured (bias-corrected) 'OGe : 74Ge of a deep water sample is 0.565 or within 0.5% of the reported crustal ratio (0.562). The precision of the ID Ge data as measured on six replicates from Sta. 4 is +2 pM. The precision of the SIM Ge data, as measured on six replicates from stations 7 and 9 is t5 pM.
Results and discussion
Luke-water pro$Zes and rivers-A random subsampling of lake waters collected in 1991 had major element contents within the error of those reported for the 1988 expedition, further supporting our conclusion that major elements are generally homogeneously distributed within Baikal (Falkner et al. 1991) . The 1991 river analyses (Table 3) permit reexamination of the major element residence times. Our previous estimates were based on inventories calculated from analyses of our 1988 lake samples and average Baikal river concentrations taken from the Russian literature (Votintsev 1985) . Although the Russian major element riverine database is far more extensive in time and space, our data offer improved precision for the early high flow season. In this system, the high flow season generally dominates elemental fluxes (Votintsev et al. 1965 Falkner et al. 1991) contains several errors; flux and inventory units should have been " lOlo mol" and not " 1,010 mol"; the heading "Effluents" should have been "Affluents"; the units of the final footnote should have been "lOIOmg" and not "1,010 mg"; the riverine concentration of Cl-was incorrectly quoted as 51 pm01 kg-' and should have been 20 pm01 kg-'. This changes the annual Cl-riverine flux to 0.12 X lOlo mol and its residence time estimate to 230 yr.
The new residence times using our data to calculate inventories and riverine fluxes are presented in Table 5 . We have used the water budget presented by Afanasyev (1960) for the years 1901-1955, which is just prior to the time that the Angara outflow was dammed. For our purposes, other available budgets covering pre-and postdam periods (Granina 1997) do not differ significantly from those of Afanasyev. The rivers sampled represent 79.5% of the river-water input to Baikal. A flow-weighted average of the measured rivers was assumed to represent the remaining 20.5% except where noted. Precipitation and evaporation are approximately in balance in Baikal at -9.3 km3 yr-l (Afanasyev 1960) ; their contributions to the major element fluxes in and out of Lake Baikal has been neglected in our treatment but have been shown to be generally insignificant (Callender and Granina 1997) . Likewise, the small groundwater input (3.1 km" yr-I) thought to occur (Afanasyev 1960 ), but not chemically characterized, has not been considered.
The residence times for Ca, based both on Russian and our limited river data, and for alkalinity and SO,-* based on Russian river data, are close to the estimated residence time for water in Baikal (328 yr). This similarity suggests that these constituents are in steady state with respect to their riverine throughputs. The residence time of K based on our river data seems to be 10% longer than the water residence time, which is highly improbable given the generally conservative lacustrine behavior of this element. It is more likely that a single time sampling of just four rivers was insufficient to establish an accurate river flux for K.
The other major ions would appear to have residence times that are less than the water residence time and that which riverine throughput would dictate. Although this may also reflect nonrepresentative sampling, we pose the follow-ing alternative interpretations, confirmation of which will require a more spatially and temporally intensive sampling program. Our river flux for Mg generates a residence time that is within 3% of that derived from the more extensive, multiyear Russian river data, yet it is 15% less than the water residence time. This shorter residence time may reflect removal of Mg by hydrothermal activity, which is known to be occurring in the northern lake basin (Crane et al. 1991a, b; Golubev 1978 Golubev , 1984 . Dissolved Mg is typically taken into Mg silicate minerals during intermediate and high temperature water-rock interactions, as is evidenced by the low Mg concentrations for the subaerial springs we studied (Table 4) . Furthermore, hydrothermally influenced bottom waters of Frolikha Bay have been characterized as a dilution of nearby subaerial hot-spring waters with lake water (Kipfer et al. 1996) . Provided there are no other significant sources or sinks, 15% of its riverine input serves as an upper limit on the net hydrothermal removal flux of Mg.
Only the weight-based sum of Na and K was available from the Russian literature for our previous estimate of the residence time of Na. Na concentrations are 10 times those of K in lake water, so we took the reported sum as an estimate of the riverine flux of Na. We have since learned that reported Na+K river values were derived from charge balance considerations (Votintsev 1993 ) and thus will include the cumulative errors of all analytical procedures. It seems unlikely that the new, lower 290-yr residence time calculated from our 1991 river measurements could reflect a Na removal process within the lake. On the contrary, unaccounted for hydrothermal activity (see Table 4 ) and aeolian inputs would raise the Na inventory and so result in an artificially long residence time by our calculations based on rivers only. An alternative explanation is that Baikal is not in steady state with respect to riverine inputs of Na.
Our river analyses show the Selenga and Barguzin most elevated in Na. These are also the Baikal rivers most impacted by anthropogenic activities within their drainage basins. The city of Ulan-Ude is situated within 100 km of the mouth of the Selenga; it is the most populated city in the region and has more than a million inhabitants and a substantial industrial complex, including the largest meat-packing plant in east Siberia. Agricultural acreage has increased dramatically (>30,000 ha, over half of it irrigated) in the Barguzin drainage basin over the past 30 yr (Galazii 1990; Micklin 1967; Sorokovikova and Sinyukovich 1995) . Excess Na and Cl inputs, typical of sewage and industrial wastes (Berner and Berner 1987) , would mean that Baikal is not in steady state with respect to these elements and lead to the calculation of artifically low residence times. As has been expressed previously, continuation of such inputs would also gradually raise the mineralization level of the lake (Votintsev 1993) .
Available Russian data appeared problematic for Cl-because lake waters were reported to contain 37% more Clthan we observed in 1988, and its residence time (230 yr) based on Russian riverine data was significantly less than that of water in the lake. As Cl-would be expected to behave conservatively in a lacustrine setting, we attributed the discrepancy to an analytical artifact (Falkner et al. 1991) . We have since learned that the quoted Russian Cl-measurements were made by "the mercurometric method" with a reported accuracy of 1 pm01 kg-l (Votintsev 1993) . Depth distributions by this method tended to be homogenous over the water column, but profiles were offset by at least 20% in space and time (Votintsev and Galazii 1985) , which may represent variability in calibration standards. We note that decreasing Cl-concentrations with depth in Baikal have also been replorted in the Russian literature (see Votintsev and Galazii 1985 for references) and that these have been used to argue for a significant groundwater source in Baikal. However, the arguments are based on limited Cl-measurements and are inconsistent with better constrained water balance considerations.
The Cl-residence time based on our riverine measurements is even lower (120-140 yr) than the water residence time that we suspect represents a nonsteady-state situation for this eliement. Given the relative sizes of their inventories in the lake, a NaCl-bearing sewage/industrial effluent would be expected to have a greater impact on the Cl than the Na budget. This effect can be demonstrated through a set of simple calculations for which we assume that the Selenga is the dominant source of pollution and other rivers are characterized as given in Table 5 . First, it was determined that for both IVa and Cl-to have residence times equal to that of water ,would require lesser Selenga contents of Na (270 PM) and Cl-(15 PM) with corresponding fluxes of 1.0 X lOlo mol Na yr-I and 9 X 10" mol Cl yr-I. If there are no additional unidentified sources and sinks of Na within the lake, comparison of this result with our fluxes in Table 5 suggests that 10% of the total riverine Na flux (or 1.0 X log mol yr-I) may be attributed to pollution. In general, Na pollution sources contribute an equivalent flux of pollutant Cl-. If 1.0 X lo9 mol yr-1 is added to the Cl-flux needed to produce a riverine throughput balance (i.e. to 9 X lo9 mol Cl yr-I for Selenga Cl-= 15 PM), a residence time of -145 yr is obtained, which is close to the value based on our measurements (Table 5 ). The excess Cl-flux would thus seem to be consistent with a source of NaCl pollution. Principal factor analysis of aerosol data collected over the lake in August-September 1993 showed a pollution factor with high loadings of Zn, Pb, and Cl-(Van Malderen unpubl. data), so aerosols may contribute an additional, though smaller flux of anthropogenic Cl-to the lake.
The residence time of Sr based on our river measurements is somewhat long compared to the water residence time and the most likely explanation, as for K, is that the riverine flux accuracy is limited by our small database for the rivers. Our riverine 8Sr : YSr measurements are indistinguishable from lake water values of 0.7084 ? 0.0003, suggesting that no additional component to the Sr budget is required.
Seven lake samples from stations 4, 7, and 9 give an average Li concentration of 294 f 4 nM kg--'. The results agree within analytical uncertainty with those reported for the 1988 expedition (296 + 12 nM kg-'; Falkner et al. 1991) , confirming that Li is largely uniformly distributed in Lake Baikal.
The four major rivers feeding the lake have Li concentrations ranging from 157 to 490 nM kg-l, with the Selenga bearing the highest Li contents. The residence time of Li, calculated on the basis of present lake data and our measured Afanasyev (1960) ; see text for discussion. t Lake concentrations from Falkner et al. (1991) . $ River inputs from Votintsev (1985) .
Flow weighted: Fluxes of elements were calculated using flow-weighted concentrations from the measured rivers that comprise 79.5% of total flow into the lake. For the 20.5% of the unmeasured flow the flow-weighted average of the measured rivers was applied. Low river: For the 20.5% unmeasured flow, the lowest river concentration was applied. High river: For the 20.5% unmeasured flow, the highest river concentration was applied.
river values, is 3 13 yr or within 4% of the water residence time for the lake. In the absence of other sources, Li seems to behave conservatively within the lake. The @Li values of Baikal waters vary between -27.9 and -32.25%0, with an average of -29.7 f. 1.4%0 (1 SD). The standard deviation of the values is comparable to the analytical uncertainty of the method, indicating the Li isotopic composition is homogeneous in the lake. The isotopic values of the four tributaries range from -21.5 to -30.7%0. The 10%0 difference between the two samplings of the Barguzin is not understood. The flux-weighted @Li value of the river input is -29.5 or -28.9%0, depending upon the value adopted for the Barguzin River. The integrated river value is indistinguishable from that of the lake water. In the absence of other sources, the Li-isotopic composition of Lake Baikal seems to be dominated by river input and by the Selenga in particular, which contributes 8 1% of riverine Li. Consistent with the 1988 findings, Ba tends to show slightly decreasing concentrations with depth (Table 1, Fig.  2 ). This trend is most pronounced in 1991 for the central basin station, which shows an overall decrease of approximately 10 nM becoming more abrupt toward the bottom as it did both in the central and southern basin stations in 1988. In 1988, low deep-water Ba was associated with elevated particle levels as measured by transmissometry and in 199 1 transmissometry profiles show particle concentrations increasing slightly toward the bottom, although Ba does not appear to decrease. Variability observed between expeditions indicates that Ba does not necessarily adhere to a steadystate distribution within the lake. If our riverine Ba measurements prove to be representative, a residence time of 320 yr (Table 5) implies there is much less removal of Ba within the lake than we previously estimated based on steady-state considerations (Falkner et al. 1991) .
Decreasing Ba concentrations with depth are consistent with but not as pronounced as findings reported for the mesotrophic Lake Biwa in Japan (Sugiyama et al. 1992 ). In that comparatively shallow lake (44 m average depth), seasonal warming stratifies the water column and oxygen is consumed to 50% of saturation. During this period, Ba is depleted at depth but returns to a homogeneous distribution when the water column is mixed during winter convection. Based on laboratory adsorption studies, Mn-nodule and sediment analyses, and thermodynamic considerations, it seems that Ba is adsorbed onto Mn oxyhydroxides formed seasonally in the water column and at the sediment-water interface (Sugiyama et al. 1992 ). The widespread occurrence of Mn oxyhydroxide layers at the sediment-water interface (Leibovich- Granina 1985) and elevated Ba levels in association with it (T. Callender pers. comm.) suggest that a similar process operates in Baikal. The less-pronounced stratification, lesser oxygen depletion, and more complex mixing regime of Baikal generate a smaller Ba depletion (-10 nM) than in Lake Biwa (-30 nM).
Dissolved Ge concentrations in Baikal fall between about 20 and 45 pM, typical for natural freshwater systems with low Si concentrations, which in Baikal range between 25 and 75 PM. Vertical profiles of Ge and Si show surfacewater depletion and deep-water enrichment due to Si and Ge uptake by diatoms in surface waters and their release by dissolution of shells falling into deeper waters. The surfaceto-deep concentration difference is at most 50%, typical of oligotrophic lakes for which nitrate (but not Si) is limiting. Although the Ge data are more scattered than for Si, differences in the mixing of deep waters of the southern and central basins are apparent in the deep profiles.
Plotting dissolved Ge vs. dissolved Si (Fig. 3 ) defines a line with a slope of 0.4 X lop6 atom Ge per atom Si and a positive Ge intercept (14 PM). The slope ratio is near that expected for chemical weathering of a continental crustal system, depleted below the crustal ratio (1.4 X 10h6) due to enrichment of the ratio in weathered clays (Froelich et al. 1992 ). This ratio is, however, lower than the flux-weighted river input ratio (0.9 X lo+) and the whole lake (volumeweighted) ratio (0.7 X lo+). The low ratio could be due either to biological fractionation of the Ge/Si ratio (Froelich et al. 1989) or to inputs of river waters enriched in Ge by coal combustion or contact with hydrothermal systems (Froelich et al. 1985) . The Ge : Si of the whole lake (0.7 X 10p6) is coincidentally the same as that in the ocean and in seafloor opal. The oceanic ratio is thought to be a balance Fig. 2. Profiles in the three main basins of Lake Baikal. Analytical uncertainty bars smaller than the symbol size and samples thought to be contaminated (see Table 1 ) not shown.
of global river input (with Ge : Si = 0.5 X lo+) and a seaBaikal from our data. Given the nonsteady-state nature of floor hydrothermal vent input (with Ge: Si = 7 X lo+; their distributions, only very approximate inventories and Froelich et al. 1992) . The possibility of anthropogenic perresidence times for Si and Ge can be calculated with our turbations to natural steady-state conditions makes it imposdata (Table 5) . Consistent with the known accumulation of sible to discern the present hydrothermal contribution for biogenic opal in Baikal sediments, the residence time of Si (-170 yr) is significantly less than the water residence time in the lake. Ge likewise has a low residence time (-120 yr) and seems to be removed efficiently within the lake to its sediments along with biogenic opal.
Biogenic silica (diatomaceous opal) contents of surface sediments from 12 cores in all three basins were found to range from 11 to 56% (Mortlock et al. unpubl . data), consistent with previous reports of the opal-rich nature of Baikal sediments. Opal separated from three of the samples with the highest opal contents in each basin (Table 6) display Ge : Si ratios of 0.8 X 10d6, which suggests that steady-state removal at the lake's bulk ratio rather than biological fractionation of the ratio during uptake or shell dissolution at the lake floor. If these samples represent the average ratio in Lake Baikal over the last several thousand years (S. Coleman pers. comm.) and if the natural (uncontaminated) river input to the lake was near the global average river value, then hydrothermal Ge is a significant component of the natural Ge : Si cycle in Lake Baikal.
The surface sample in the southern basin displays a Ge maximum of 53 pM and a high Ge : Si of 2 X 10p6. Ratios this high have only been observed in waters contaminated by coal fly ash or in hydrothermally influenced solutions. The Upper Angara and Barguzin rivers both display highly enriched Ge: Si ratios ( Table 3 ) that must be due to contact with hydrothermal systems or to ore smelting or local coal combustion Ge enrichment. The latter seems most likely for the Barguzin River and in fact while we were sampling, large amounts of coal were being handled at the docks of the city of Barguzin, just upstream from our sample site.
Although they display some scatter, the generally uniform vertical concentration profiles of Al are consistent with the rate at which ventilation processes mix the tracer signal vertically. In the deep waters below -500 m, Al shows relatively uniform values of -2.5-3 nM in each of the three basins. In contrast, the upper waters, despite some scatter, show a distinct trend with significantly higher values (3.5-4.5 nM) in the upper 500 m of the water column of the central and northern stations compared to those of the southern basin where values of 1.5-2.5 nM are observed. More surprising than the vertical distributions is the magnitude of Al concentration in the lake. Values as low as 2-5 nM are comparable with the lowest values seen in remote regions of the oceans, far from sources of continental dust, the major input route of this element to the surface oceans. Although there is a vast literature concerning the mobilization of Al in watersheds receiving acid deposition (e.g. see Johnson et al. 1981) , there is little information available describing nonimpacted regions. In these acid rain regions, lake concentrations of several PM Al are common at the low values of pH (4-5) observed. There has been some debate as to which of the various mineral phases present in soils may be controlling the Al content of streams (e.g. see Neal et al. 1987 ), but there seems little doubt that the elevated Al content of streams is the source of the elevated Al found in the lakes they feed.
The rivers feeding Lake Baikal have average Al concentrations ranging from 120 to 270 nM (Table 3) . A flowweighted average of these values yields an annual dissolved load to the lake of 1.3 X lo7 mol yr-I. The calculated residence time of Al in the lake is -5 yr, much shorter than the 328-yr residence time of the water. This residence time of dissolved Al is similar to the 3-4 yr calculated for Al in surface waters of the oligotrophic tropical North Pacific Gyre (Orians and Bruland 1986) .
Such a brief residence time in Baikal is indicative of an active removal process. In the ocean, the removal of Al in the surface waters is thought to be the result of scavenging by biological organisms (Measures and Edmond 1990; Moran and Moore 1988) . In this respect it is interesting to note that new production in Baikal has been estimated to be 27 g C m-* yr-I ; exported particulate organic carbon in the North Pacific Gyre averages 10.6 g C rnh2 yr-1 (Karl et al. 1996) . Scavenged Al must be accumulating in Baikal sediments, but its signal would be swamped by the high background contents of other solid phases present, such as clays.
If, as in the ocean, biological scavenging controls the Al concentration of Baikal, then the north-south gradient in the upper waters would be explained by the more vigorous productivity in the southernmost part of the lake that was occupied at the end of the cruise. Any additional significant aeolian input of Al to the surface waters of Baikal would lower the residence time estimate and increase the importance of the scavenging removal mechanism. Although somewhat speculative, evidence for an aeolian input to Lake Baikal can be inferred from the particulate Al mass imbalance (16 X lo6 g Al yr-I; Callendar pers. comm.). Such an imbalance, if closed by an aeolian source, could lead to an additional soluble input to the lake of 3.0 X lo4 mol Al yrf (assuming 5% solubility; Maring and Duce 1987) , which is only -0.2% of the riverborne flux.
The surface water transect at the northern end of Lake Baikal near the influx of the Upper Angara shows extremely elevated levels of Al in the surface waters, consistent with the enriched river water signal (185 nM). The horizontal distribution of Al in the surface waters clearly delineates the entering river water, which veers westward and then returns on the eastern side of the lake in a gyre circulation pattern (Kozhov 1963) .
Within analytical uncertainties, Cu profiles in all three basins show fairly homogeneous distributions at -3 nM below 100 m with no discernible offsets between basins. Below 500 m, Ni contents are likewise homogeneous at -1.8 nM. For Cu, the southern basin surface water shows marked depletion accompanied by subsurface enrichment at 100 m. Data for surface waters in the central basin are lacking, but the subsurface enrichment at 100 m is evident there. Surface waters at our northern basin site do not appear to be depleted in Cu, nor is an enrichment at 100 m evident, but one cannot be ruled out because no sample is available at that depth. Ni also shows the pronounced surface-water depletion in the southern basin. Just below the surface, Ni appears to show a slight enrichment in all basins but the more notable trend in the data lies between 100 and 500 m where the northern (-2.5 nM), central (-2.0 nM), and southern basins (-1.5 nM) data seem slightly offset. These levels are the same as preliminary ones reported for a few samples from the 1988 expedition (Falkner et al. 1991) and are consistent with recent findings for Baikal by independent investigators (L. Sigg pers. comm.).
Residence times of -100 yr, or a third that of the water in the lake, are indicated for these elements (Table 5) . Their distributions and short residence times are consistent with their involvement in biological cycling. As for Al, very low levels in the southern basin surface waters can be explained by the higher productivity occurring during our expedition. In contrast to Al, both Ni and Cu seem to be either taken up only in the very surface waters or to undergo rapid subsurface remobilization (Fig. 2) . The concentration levels and distributions observed here are similar to those observed in the oceans where these have been shown to be regulated by phytoplankton in surface waters (Bruland 1983) . The situation in other lakes tends to be complicated by relatively larger riverine, atmospheric, and pollution inputs as well as internal redox cycling.
Measured Cd concentrations ranged from 1 to 75 pM, with the profile data showing considerable scatter. Owing to the susceptibility of this element to contamination, we think the true concentrations probably lie toward the lower end of this range (l-10 PM), which is considerably less than our preliminary findings in 1988 (Falkner et al. 1991) . Further sampling efforts are required to determine the true distributions and behavior of this element.
The central and southern basins were analyzed for Cr and V. Cr profiles showed generally homogeneous distributions at both stations, averaging -1.4 + 0.2 nM. These values are about half that of seawater (Jeandel and Minster 1987; Sherrell et al. 1988) . V profile data are much less uniform, ranging from 7.5 to 9 nM. The values trend toward lower concentrations at depth (>250 m) at the central basin station. Surface values (<250 m) are slightly higher in the central than the southern basin. Levels of V in Baikal are a seventh of those of seawater (Collier 1984; Jeandel et al. 1987; Sherrell et al. 1988) .
The Barguzin, Upper Angara, and Turka rivers have similar Cr contents (1.3-1.5 nM) to each other and the lake waters, whereas the Selenga appears to be slightly enriched at 2.1 nM (Table 3) . Riverine V concentrations vary more than an order of magnitude, from 4.8 nM (Upper Angara) to 36.7 (Selenga). The calculated residence time with respect to riverine throughput for Cr is 310 yr, which is quite close to the residence time for water in the lake and suggests that this element is nonreactive within the lake and has not been significantly perturbed by anthropogenic activities. It is much more difficult to discern the situation for V on the basis of our data. The residence time for V seems to be only a third that of the water in the lake regardless of assumptions about the riverine fluxes (Table 5 ). This short residence time may be reflecting its removal within the lake or a nonsteadystate condil:ion for this element. The somewhat lower surface values in the southern basin would be consistent with biologically mediated extraction as observed for Al, Cu, and Ni. On the other hand, the relatively elevated V contents of the Selenga and Barguzin may be reflecting anthropogenic activities in those drainage basins, and further study is needed to sort out this issue.
Total Hg concentrations range from 2 to 74 pM at the central basin profile (Table 1 ) and 1.1 to 2.3 pM in the surface transect of the southern basin (Table 2) . Because Baikal has a very low particle concentration (<250 pg liter-' in the upper 100 m and 50 pg liter-l for most of the water column) and because of the difficulty in collecting clean Hg samples, we think that any value >lO pM is suspect. Moreover, none of the other minor or trace element data show evidence of enrichmenrs in their profiles resulting from lateral transport processes. If we exclude the suspect data, the vertical distribution is relatively homogeneous and is characteristic of a particle reactive element with a short residence time (Gill and Fitzgerald 1987) . The values are similar to total Hg concentrations from uncontaminated lake systems (Bloom 1989; Driscoll et al. 1994; Fitzgerald and Watras 1989; Gill and Bruland 1!>90) . The profile, both in concentration and distribution, is also comparable to ones for open ocean sites where there is little influence of lateral transport (Gill and Fitzgerald 1988) . Hg should predominantly be in the dissolved phase and not bound to particles if a particle-water partition coefficient of log Kci = 5 (Cossa and Martin 199 1; Stordal et al. 1996) and a particle concentration of 50 pg liter-' are assumed.
U concentrations in filtered river waters varied from 0.7 in the Upper Angara to 6.7 nM in the Selenga (Table 3) and are comparable to values reported for a 1993 sampling of these river,s (Edgington et al. 1996) . While U is homogenously distributed in the central basins of the lake (Falkner et al. 1991) , it need not be in the vicinity of river mouths. For example, the gyre-like circulation indicated by Al concentrations in our northern transect is also evident in the U data, although for U, Upper Angara river water values are lower than surface lake waters (Table 2) . It has been shown by others that as Selenga waters are diluted upon mixing with lower alkalinity lake waters, carbonate complexing of dissolved U is diminished, rendering it subject to adsorptive loss onto particles (Edgington et al. 1996) . We estimate a residence time for dissolved U of 160 yr (Table 5) , which is consistent with findings by others that up to a third of the initially dissolved riverine U is deposited within Baikal sediments (Edgington et al. 1996) .
Subaerial hydrothermal springs-We were not equipped to carry out a complete, state-of-the-art characterization of hot spring chemistry because the opportunity to sample the springs arose unexpectedly. The values of pH listed in Table  4 are range estimates at 25°C based on pH paper rather than more precise electrode techniques, temperatures are only accurate to within a few degrees, and we lacked the capability to properly sample for sulfur species and alkalinity of the fluids. Hence, our data set lacks key parameters of the required precision to carry out meaningful thermodynamic modeling of subsurface reactions. The data do, however, establish the chemical stability of the springs on a decade time scale and contribute several new chemical parameters to the database that are useful for addressing the affects of hydrothermal activity on Lake Baikal in both the modern and paleo contexts.
Our exit temperatures (Table 4 ) agree with previously reported ones (Plyusnin et al. 1979) to within a few degrees of measurement error except for Kotelnikovski for which we report 80°C and the previous workers reported 485°C. In contrast, our measured Cl-concentration (371 PM) for Kotelnikovski is reasonably close to the value (400 PM) reported by the same workers and our Sr-isotope compositions are the same within reported errors of their findings, which would suggest chemical stability of the system. Their Sr concentrations were lower than ours by about a factor of 2, so it is possible that the temperature and the Sr level differences represent a temporal change in Kotelnikovski or that the sampling programs were conducted at differing sites along the spring's flow path. These possibilities cannot be distinguished based on the information available to us. For the other springs, temperature and chloride data suggest that conditions were more or less constant over at least the 13-yr timeframe between publication of the Russian work and our sampling effort.
As it generally reflects the composition of its tributaries or the low temperature surface water composition of the region, it is logical to compare Baikal water to its surrounding hot springs. Whereas Baikal waters are dominated by Ca and HCO,-, Na is by far the dominant cation in the all of the springs studied (Table 4) , and sulfur followed by carbonate and fluoride species are reported to dominate the anion composition of the springs, except at Kotelnikovski where the latter two predominate (Plyusnin et al. 1979 ). Na and Clare at least 30-fold, Si at least 20-fold, Li 10 to 300-fold, and K at least 2-fold enriched in spring waters over lake water. The levels of these elements do not seem to be a direct function of exit temperature nor pH. Ca is slightly enriched at Khakuci but otherwise depleted in the springs with pronounced depletion in the more alkaline springs (Smeyney and Kotelnikovski). Mg is the most strongly depleted element with springwater being a tenth of lakewater levels. Of the minor and trace elements studied, Ba, Cu, and Ni showed marked depletion, Sr and U showed both enrichments and depletions, and Al was at least 20-fold enriched and Ge 500-to 5,000-fold enriched in the spring waters.
Various chemical geothermometry relations were applied to the data set (Fouillac and Michard 198 1; Fournier 198 1; Kharaka and Mariner 1989) . The results (Table 4) suggest that the observed enrichments and depletions are the result of subsurface water-rock interactions of a presumably Baikal-like source water at temperatures greater than the measured exit temperatures (Table 4) . Ambiguity in Si-based geothermometry can reside in the choice of which phase is controlling the H,SiO," activity. Quartz can generally be assumed to be controlling at reaction temperatures of 180-250°C (Fournier 1981) , and equilibrium with respect to quartz seems to be extended to much lower temperatures (170°C) in granitic terrains (Brook et al. 1978) like the settings of the Baikal springs. Assuming equilibrium with respect to quartz generates reaction temperatures for these hot springs in excess of 100°C. If chalcedony proved to be the controlling phase, reaction temperatures would exceed 70°C. Equilibria with respect to other Si phases, namely (x-and P-cristobolite and amorphous Si (Fournier 1981) , generate temperatures less than the exit temperatures reported here, and so such phases appear unlikely to be controlling in these spring systems. Accurate Si-based geothermometry requires no subsurface mixing with dilute waters nor departure from equilibrium resulting from conductive heat losses. Geothermometers based on cation ratios are less sensitive to these processes.
Temperatures are generally derived from cation ratios by empirical fits of geothermal spring and well temperature and chemical data to predicted formulations of equilibrium exchange reactions. Again, the results suggest reaction temperatures of at least 62°C for Khakuci, 79°C for Smeyney system, and exceeding 100°C for the other two vent systems. Temperatures based on Na: Li for Smeyney (79°C) and Khakuci (120°C) are comparable to those from the other geothermometers while the temperatures of Kotelnikovski (266°C) and Davsha (167°C) are higher. The Mg : Li-based temperature for Khakuci is somewhat low (62°C) due to its relatively high Mg concentration, which may reflect subsurface mixing or secondary precipitation into carbonate phases.
Laboratory-based seawater-basalt experiments show that Mg is taken up into silicate minerals at temperatures 270°C (Seyfried and Bischoff 1979) . Analogous water-rock interactions likely contribute to the low Mg contents of the springs studied here, given the temperatures indicated by geothermometry. Subsurface anhydrite precipitation may be depleting Ca, but the higher degree of Ca depletion in the more alkaline springs (Smeyney and Kotelnikovski) suggest that subsurface precipitation of carbonates is occurring. Enrichments of Na and K are commonly observed in hydrothermal fluids and are thought to be brought about by chemical exchange with secondary mineral phases (Fournier 1981) .
Reactions controlling Sr and Li concentrations in hydrothermal springs are poorly understood (Fouillac and Michard 1981; Kharaka and Mariner 1989) . Our Sr-isotope findings are in excellent agreement with previously reported values (Plyusnin et al. 1979) . Although He isotope ratios indicate that Baikal spring waters are exposed to mantle volatiles, Sr-isotope evidence is ambiguous with regard to the extent of mantle influence on the springs because values fall within the wide range exhibited by various rocks within the region (Plyusnin et al. 1979) . Li contents of the hot springs are not only highly elevated with respect to lake waters but also with -15 Table 6 . Ge/Si-opal. respect to river water, which could render hydrothermal activity an important source of Li in the lake. Because the discharge of hot spring water to the lake is unknown, the hydrothermal contribution cannot be realistically estimated. If a significant hydrothermal flux occurs, the calculated 314-yr residence time for Li would be lowered and an active removal process would have to be invoked to balance the river input.
The PLi values of the four springs studied vary from -17.2 to -33.6%0 with the isotopic composition becoming lighter with increased Li concentration. A strong linear correlation (Fig. 4) of PLi with l/Li in the spring waters suggests a two-component mixing system. The two end members of dissolved Li may be the source waters and that acquired through hydrothermal interaction. The first component has a relatively low Li concentration and heavy Li isotopic composition that lies outside of the field of Lake Baikal and the rivers (Fig. 4) . Thus, the source water is probably not simply lake water but may be evolved from surface or subsurface waters.
There are two possible sources for the hydrothermal component: crustal rock or the mantle. The endmkmber isotopic composition of the hot springs is --17%0 (Fig. 4) . The 66Li values of high temperature (350°C) submarine hydrothermal solutions fall between -6 and -11%0 (Chan et al. 1993) .
Interaction with basalt at lower temperatures (loo-150°C) could result in an isotopic composition similar to the observed value of -17%0 (Magenheim et al. 1995) . The Li--isotopic compositions of the granitic country rock have not been determined. Lithium isotope data for continental granitic rocks are sparse but the existing data for Archean granites and tonalites have compositions of -8 to -10%0 (Chan unpubl. data) . Extraction by subsurface water with attendant isotopic fractionation at the estimated reaction temperatures (loo-150°C) could impart the isotopic signatures observed. The lightest isotopic composition occurs in the most Li-rich solution, Kotelnikovski hot spring. This water is devoid of Mg, indicating intense water-rock interactions. However, Kotelnikovski has the most radiogenic 87Sr: 86Sr value that favors the crust over a mantle source consistent with the postulate that the hot springs are primarily the product of a granite-hosted thermal system. The four hot springs measured (Table 4) all display very high Ge: Eli ratios (i.e. 7-l 14 X lo+) typical of continental hot springs and are very Ge-enriched compared to low-temperature ureathering solutions such as rivers, groundwaters, and lakes (Arnorsson 1984; Mortlock et al. 1993) . The pronounced enrichment of Ge in the springs would make hydrothermal waters analytically traceable as they mix into the lake, even upon the 1: 1,000 dilution with lake waters indicated for the subaquatic plume observed in Frolikha Bay (Kipfer et al. 1996) . The hot spring samples show a large range in their Al content (233-1,737 nM). Upper values are similar to those at the lower end of the reported range for submarine oceanic hydrothermal vents (2-19 PM, Bowers et al. 1988) . The remarkable correlation between the Al content and the pH of the samples strongly suggests that pHbased solubility is controlling these concentrations. All of the hot springs exhibited at least a slight sulfur smell, and it is likely that Cu and Ni are precipitated subsurface as sulfide minerals. Ba is likely to have been depleted by the precipitation of barite as reduced sulfur is oxidized upon subsurface mixing or contact with the atmosphere.
Conclusions
Reexamination of dissolved major ion fluxes in Lake Baikal confirms that riverine throughput is presently the dominant component of their budgets. Lesser influences by hydrothermal uptake in the case of Mg*+ and by pollution input in the case of Na+ and Cl--are indicated by the data. This work confirms our previous report that of the minor elements studied, only Ba displays nonconservative distributions. It is most likely being taken up onto Mn-oxyhydroxide phases near the sediment-water interface; however, this redistribution mechanism does not appear to have a strong effect on the Ba budget, and thus its residence time (320 yr) approximates that of water (330 yr) in the lake. Residence time estimates for the trace elements studied ranged from on the order of the water residence time in the case of Cr (310 yr), to half for U (160 yr), to about one third for V (1 lo-150 yr), Ni (110 yr), Cu (94 yr), and Ge (120 yr), to only 5 yr for particle-reactive Al. Vanadium shows some evidence of uptake by plankton, but its calculated residence time may be reflecting recent pollution inputs and a lack of steady state within the lake. Ni and Cu seem to be involved in plankton cycling as has been observed elsewhere. Ge distributions show that it is tied along with Si into cycling by diatom formation and dissolution. Dissolved U shows nonconservative behavior apparently due to nonbiological adsorptive losses onto particles as relatively alkaline Selenga waters mix with lake water (Edgington et al. 1996) . Hg and Cd data display residual artifacts by contamination during sampling or analysis.
Various chemical geothermometers for the hot springs sampled indicate subsurface reaction temperatures ranging from 70 to 150°C and converging to smaller ranges (f. 15°C) for a given spring. Both depletions and enrichments of various elements with respect to lake water were found, consistent with previous results and observations of other granite-hosted thermal spring systems of these temperatures. Ge levels in spring waters are sufficiently enriched over lake water that Ge could serve as a useful tracer of subaquatic hydrothermal waters under present conditions. Variability in hydrothermal activity over Baikal's long history has the potential to confound climate records being developed from Baikal sediments. It has recently been suggested that hydrothermal signatures in the lake can be described as a mixing of subaerial spring waters with river-derived lake water (Kipfer et al. 1996 ). In such case, provided a record of hydrothermal activity in the lake with time can be developed, the data reported here will be useful for hindcasting the hydrothermal influence on the chemistry of Baikal waters.
